Despite the importance of trafficking for regulating G proteincoupled receptor signaling, for many members of the seven transmembrane helix protein family, such as odorant receptors, little is known about this process in live cells. Here, the complete life cycle of the human odorant receptor OR17-40 was directly monitored in living cells by ensemble and single-molecule imaging, using a double-labeling strategy. While the overall, intracellular trafficking of the receptor was visualized continuously by using a GFP tag, selective imaging of cell surface receptors was achieved by pulselabeling an acyl carrier protein tag. We found that OR17-40 efficiently translocated to the plasma membrane only at low expression, whereas at higher biosynthesis the receptor accumulated in intracellular compartments. Receptors in the plasma membrane showed high turnover resulting from constitutive internalization along the clathrin pathway, even in the absence of ligand. Singlemolecule microscopy allowed monitoring of the early, dynamic processes in odorant receptor signaling. Although mobile receptors initially diffused either freely or within domains of various sizes, binding of an agonist or an antagonist increased partitioning of receptors into small domains of Ϸ190 nm, which likely are precursors of clathrin-coated pits. The binding of a ligand, therefore, resulted in modulation of the continuous, constitutive internalization. After endocytosis, receptors were directed to early endosomes for recycling. This unique mechanism of continuous internalization and recycling of OR17-40 might be instrumental in allowing rapid recovery of odor perception.
T he sensation of smell is mediated by a specific family of olfactory G protein-coupled receptors (GPCRs), which recognize small volatile molecules (1) . Although odorant receptors (ORs) account for the largest mammalian gene family, comprising up to 1,000 members, the mechanism of signal recognition and amplification in olfactory transduction remains elusive (2) . This is partly because classical methods for OR detection, based on immunocytochemistry (3, 4) or genetic fusion to GFP (5), have not permitted the simultaneous live-cell imaging of olfactory processes at the cell membrane and in cytoplasmic compartments.
Comprehensive functional studies on ORs in a native cellular environment, such as isolated olfactory sensory neurons, adenovirus-infected olfactory epithelia, or genetically engineered animals, are often hampered by practical limitations: (i) olfactory sensory neurons are difficult to maintain in primary culture (6) , (ii) virus-mediated gene transfer does not consistently yield functional OR expression (7) , and (iii) creating transgenic animals for each OR would be quite expensive. Functional expression of ORs in heterologous cells is, therefore, an important approach for elucidating the molecular mechanism of olfaction and helps to identify specific ligands for particular receptors. Unfortunately, ORs express very inefficiently at the plasma membrane of heterologous cells, apparently because of OR retention in intracellular compartments and degradation via the ubiquitin-proteasome pathway (8) (9) (10) . However, direct monitoring of these processes in vivo is still immature. Such monitoring would be facilitated by the development of generic fluorescence labeling approaches for real-time observation of ORs in living cells. Monitoring different stages of OR expression, trafficking, and turnover can provide valuable information for manipulating these processes in vivo and open possibilities for improving heterologous expression and elucidating cellular signaling reactions.
In the present article, we focus on the functional properties and spatiotemporal distribution of the human odorant receptor OR17-40 (11) in living cells by using two complementary fluorescence labeling methods: (i) genetic fusion of GFP at the intracellular C terminus of the OR and (ii) posttranslational in vivo labeling of an N-terminal extension encoding the Escherichia coli acyl carrier protein (ACP). A fluorophore can be covalently transferred to the ACP tag by phosphopantetheine transferase (PPTase) from a fluorescent CoA derivative (12) . This orthogonal labeling approach allowed the resolution of sequential stages of biogenesis and trafficking of an olfactory GPCR. The fluorescent tags did not interfere with biological function and enabled us not only to visualize receptor biosynthesis in intracellular compartments, but also to optically distinguish and quantitatively compare surface (ACP-labeled) and total (GFP-tagged) receptor pools at any time in living cells. Because the small fluorophore added by ACP labeling does not prevent receptor endocytosis, we could reveal constitutive receptor internalization in the absence of an agonist. With the same approach, we recently quantified the membrane distribution of a prototypical GPCR with great precision (13) .
Moreover, ACP labeling allowed us to image the complex mobility pattern of single OR molecules in the cell membrane. During the first steps of the signaling cascade, ORs redistributed from a major freely or weakly confined diffusing population to a more strongly confined fraction and an immobile fraction, reflecting transfer to clathrin-coated pits. Surprisingly, this slowdown and confinement was similar for both ligand types, albeit more pronounced for the antagonist.
receptors could be related to the overall receptor expression in individual cells (Fig. 1D) . Only a limited number of the translated ORs translocated to the plasma membrane; most of them were trapped in intracellular membranes. Remarkably, low-expressing cells (low GFP signal) exhibited a higher number of receptors at the plasma membrane, as revealed by an increased Cy5 signal at the cell surface (11) .
To probe the functionality of the fusion constructs, we performed calcium imaging on cells expressing either ACP-OR17-40 or ACP-OR17-40-GFP together with a promiscuous G ␣q protein. Both fusion constructs elicited a dose-dependent Ca 2ϩ response after application of helional (Fig. 1E) , with EC 50 s (mean Ϯ 95% confidence interval) of 108.0 Ϯ 9.0 M for ACP-OR17-40 and 90.7 Ϯ 18.2 M for ACP-OR17-40-GFP, both consistent with the EC 50 of the wild type (98.7 Ϯ 9.6 M). Furthermore, the receptor was still functional after labeling with CoA-Cy5 (EC 50 ϭ 73.7 Ϯ 8.3 M).
Biogenesis and Membrane Trafficking. The evolution of the average expression of ACP-OR17-40-GFP in the whole cell population was analyzed by FACS. Labeling with CoA-Cy5 allowed us to monitor only the receptors reaching the plasma membrane; the GFP signal quantifies the total number of translated receptors. The total receptor expression reached a plateau Ϸ27 h after transfection, and the time course of membrane insertion was delayed by 4-5 h (Fig. 2A) . The fluorescence signal at the membrane was detectable only in low-expressing cells, indicating that OR membrane insertion was improved.
Typically, 4 h after transfection the first signal from ACP-OR17-40-GFP was detected in the endoplasmic reticulum (ER). The subcellular localization of the receptor was determined by overlapping the GFP fluorescence with a spectrally distinguishable, cotransfected enhanced cyan fluorescent protein (ECFP)-ER marker (Fig. 2B) . The first ORs reached the Golgi apparatus 0.5-1 h later, as revealed with cotransfected ECFP-Golgi marker (Fig. 2C) . Surprisingly, the receptor translocation from the ER to the Golgi apparatus was observed only in low-expressing cells. At high expression levels, the receptor accumulated in the ER without progress (Fig. 2D ) for at least 24 h after transfection. In contrast, in low-expressing cells the receptor was already detected at the cell surface 7-8 h after transfection (Fig. 2E) . The punctuated distribution of OR17-40 in the plasma membrane is similar to what has been reported for other ORs (8, 14) and suggests receptor clustering. At Ϸ30 min after ACP labeling, the punctuated pattern on the cell surface gave rise to cytosolic bright spots (Fig. 2F) , which we assign to intracellular vesicles.
Constitutive Internalization of OR17-40. To confirm that the bright spots in Fig. 2F were indeed intracellular vesicles, we labeled ACP-OR17-40 with CoA-CypHer, which is nonfluorescent at neutral pH and highly fluorescent when protonated in intracellular acidic vesicles (15) . At 15-30 min after labeling, CypHer fluorescence was high and concentrated in vesicles that were moving below the plasma membrane (Fig. 3A) . Because ACP labeling targets only cell surface receptors, the intracellular fluorescent vesicles must arise from internalized receptors. Labeling of GPCRs by the ACP method does not induce endocytosis, as shown for the neurokinin-1 receptor (16) .
To characterize the pathway by which OR17-40 constitutively internalizes, we incubated the cells with hypertonic sucrose, which is known to selectively inhibit clathrin-mediated endocytosis by reducing the number of clathrin-coated pits (17) . When cells expressing ACP-OR17-40 were incubated in 0.45 M sucrose 10 min before and during labeling with CoA-CypHer, the resulting fluorescence was low, homogeneous, and located exclusively at the cell membrane (Fig. 3B ), in contrast with the nontreated control (Fig.  3A) . After sucrose removal, rapidly moving vesicles appeared within minutes. Addition of 100-200 M helional did not induce any detectable receptor internalization, suggesting that both constitutive and agonist-induced internalization occur along the clathrin-mediated pathway. In agreement with these results, internalized CypHer-labeled ORs colocalized in intracellular vesicles with clathrin-GFP, both with and without agonist (Fig. 3D) . To identify the organelles containing the internalized ACP-OR17-40, we applied transferrin-Alexa488 (Tf-Alexa488) to the cells. The transferrin receptor is a commonly used marker for endosomes involved in protein sorting and recycling (18) (19) (20) (21) . CypHer-labeled ORs were present mostly in vesicles containing the transferrin receptor after 30 min incubation at 37°C (Fig. 3E ), indicating that OR17-40 was localized in early or recycling endosomes after that time. The overlap of the two fluorescent signals increased over time. Cells incubated with 200 M helional for up to 1 h showed a similar distribution of intracellular vesicles containing both OR and transferrin receptor (data not shown).
The influence of agonist or antagonist binding on receptor internalization was investigated on cells transiently expressing ACP-OR17-40-GFP. Samples were treated for 15 min and 1 h with 200 M helional or overnight with 300 M ␣-methyl-cinnamaldehyde (AMCA). Subsequent labeling with CoA-Cy5 and FACS analysis showed that the number of cell surface receptors did not change under the various conditions (Fig. 3C ).
Heterogeneous Diffusion of Single OR17-40s. The finding that the number of receptors at the cell surface remained constant even after agonist application might be the result either of the absence of agonist-induced internalization or of a fast recycling so that the population of cell surface receptors had been replenished within the time frame of the FACS experiment. To resolve this problem, we investigated early events of receptor dynamics following agonist application. We used single-molecule microscopy to monitor the diffusion of single OR17-40s in the plasma membrane and their immobilization inside clathrin-coated pits. ACP labeling enabled us to covalently tag a small fraction of the cell surface ORs with the photostable dye Cy5 (Fig. 4 A and B) .
We first investigated the lateral diffusion of OR17-40 in its basal state, which was remarkably heterogeneous. Visual inspection of the recorded trajectories revealed at least four major populations of receptors. Although few receptors diffused freely in the cell membrane and some were immobile, the majority diffused within either large or small domains (Fig. 4 C and D) . We analyzed the dependence of the mean square displacement on the time lag of each single molecule by using the model of confined diffusion and nonlinear least-square fitting. For each trajectory, we determined the domain size L in which the molecule was apparently confined and its diffusion coefficient D.
Without ligand, the distribution of the compartment sizes L was broad and heterogeneous, ranging from 50 nm to several microns (Fig. 5A, black) . The majority of ORs were found to diffuse confined within domains of Ϸ300 nm in size. To go further, we would argue (with some reservation, which will be resolved in Ligand-Induced Confinement of OR17-40s in Small Domains, below) that P(L) might comprise at least two additional, potentially significant confined subpopulations peaked at Ϸ190 nm and Ϸ550 nm. Finally, molecules were considered immobile if L Ͻ 120 nm, which corresponds to the experimental localization uncertainty limited by the photon counts per frame. The diffusion coefficient D was distributed over several orders of magnitude, 2 ϫ 10 Ϫ3 Յ D Յ 1 ϫ 10 Ϫ1 m 2 ͞s (Fig. 5B, black) , with a single peak at Ϸ0.02 m 2 ͞s. Both the diffusion coefficient and the confinement size derived from single-particle tracking can contain systematic errors due to the finite integration time of the camera used for recording (22 To simplify the picture, we can sort the trajectories into four classes ( into these four classes was supported by a cumulative analysis of the data separately for each class (23) revealing that a single diffusive component is contained in each class. By using this classification, we found 9 Ϯ 4% (mean Ϯ 95% confidence interval) of Cy5-labeled ACP-OR17-40 to be immobile, 12 Ϯ 4% to be free, 30 Ϯ 6% to be in small domains of 190 Ϯ 10 nm, and 49 Ϯ 7% to be in large domains of 300-550 nm. The molecules usually remained confined inside one domain during the whole observation time (2-10 s); hopping from one compartment to another was not observed.
Ligand-Induced Confinement of OR17-40s in Small Domains. The effect of ligand binding on the lateral diffusion of OR17-40 was investigated by adding either 200 M of the agonist helional or 300 M of the antagonist AMCA to cells expressing Cy5-labeled ACP-OR17-40. The distribution of the diffusion coefficients after addition of either compound did not differ greatly from that obtained for the unliganded receptor (Fig. 5B) . Nevertheless, the principal population without ligand decreased in favor of a second, new contribution of very slow receptors (D Ϸ 3 ϫ 10 Ϫ3 m 2 ͞s). This effect was similar for both ligands but stronger for AMCA. Even more pronounced, the domain size distribution changed significantly in a compound-specific manner (Fig. 5A ). The population around L ϭ 190 nm increased for both ligands but more strongly for the antagonist, which overall lead to a stronger confinement and immobilization of the receptor. Conversely, the main population around L ϭ 300 nm decreased for both ligands, again more strongly for AMCA. The freely diffusing fraction remained unchanged in the presence of agonist (compared with its absence), but vanished almost completely in the presence of antagonist.
In summary (Fig. 5C ), the fraction of OR confined to small domains increased significantly from 30 Ϯ 6% to 50 Ϯ 9% upon agonist addition, and even up to 51 Ϯ 9% in the presence of antagonist, whereas the fraction of OR confined to large domains decreased from 49 Ϯ 7% to 31 Ϯ 8% for the agonist and to 24 Ϯ 8% for the antagonist ( 2 test: P Ͻ 0.001 in all cases). To ensure that this effect was specifically due to binding of the ligand and not to any unspecific effect of the ligand on the lipid membrane, the diffusion of ACP-OR17-40 was monitored after addition of 300 M piperonal, a compound structurally similar to the agonist but that does not bind to the receptor (11) . All fractions stayed constant upon addition of piperonal (28 Ϯ 7% for the small confined fraction and 48 Ϯ 8% for the large confined fraction). Careful comparison of P(L) with and without piperonal (Fig. 5A ) reveals the same three-component distribution with peaks at Ϸ190, 300, and 550 nm, respectively. This observation confirms our early hypothesis that ORs indeed are diffusing inside domains of at least three different specific sizes.
Discussion
The dual tagging of OR17-40 did not alter its biological activity and provided a molecular tool for studying dynamic processes of OR biogenesis, trafficking, diffusion in the plasma membrane, and endocytosis in living cells. Based on the continuous visualization of the total receptor population by GFP and the selective fluorescence pulse labeling of the receptors that were functionally integrated in the plasma membrane, we obtained real-time insights into the life cycle of an OR.
While focusing on the intracellular biosynthesis of OR17-40, we discovered that at a high level of expression the receptor was retained in intracellular compartments and only a small fraction was translocated to the plasma membrane. The number of these cell surface ORs was larger in low-vs. high-expressing cells. In highly expressing cells, ORs did not exit the ER, possibly because of receptor self-aggregation. Previous studies on OR expression in the odora olfactory sensory neuron cell line proposed a model in which receptor trafficking is controlled at two regulatory checkpoints: first, at the exit from the ER, which is crucial in heterologous cells; and second, in a post-Golgi compartment where ORs are blocked in undifferentiated odora cells (8) . Our results indicate that, in heterologous cells, the first checkpoint is critical but OR17-40 does not remain blocked at the second, because the receptor was visible at the cell surface only a few hours after being in the Golgi apparatus.
Constitutive Receptor Internalization. Selective fluorescence labeling of ORs on the cell surface allowed us to follow the trafficking of OR17-40 after its insertion in the plasma membrane. Interestingly, this showed that OR17-40 undergoes constitutive internalization even in the absence of an agonist. By cell treatment with hyperosmotic sucrose, we provided evidence that this endocytic process occurred along the clathrin-dependent pathway. Furthermore, the internalized receptors colocalized predominantly with transferrin-receptor-positive endosomes after 20-30 min, suggesting continuous recycling.
Although constitutive internalization in the absence of a ligand has been reported for several GPCRs (19, (24) (25) (26) (27) (28) , to our knowledge no indication of this phenomenon has been provided for ORs. Our present results indicate that receptor internalization, which is an agonist-dependent process in the classical model of GPCR signaling, can also occur without G protein activation and suggest that GPCRs can adopt many more conformational states than is usually believed (29) .
We have shown that the receptor concentration at the cell surface remained constant upon addition of agonist or antagonist. Similar results were obtained for the human ␣1a-adrenergic receptor, for which very little variation in the level of constitutive internalization was observed upon addition of an agonist or an inverse agonist (19) . Receptor trafficking away from and back to the plasma membrane are important to maintain a constant receptor density on the cell surface, especially in presence of an agonist, in order to retain sensitivity to further ligand exposure (19, 21, 30) . In this respect, constitutive internalization of the OR would help to maintain odor sensitivity over prolonged receptor stimulation.
The constitutive internalization of OR17-40 is unlikely to be caused by constitutive activation of the receptor or by exogenous ligands present in the culture medium or in the air, because the internalization is not blocked by antagonist treatment. This observation suggests that an endocytic motif might be responsible for targeting the receptor toward internalization. Studies on the thromboxane A 2 receptor indicated that a YX 2-3 (where X is any amino acid and is a bulky hydrophobic amino acid) motif in the carboxyl tail of the receptor was responsible for the receptor's constitutive internalization (27) . Although this specific motif is not present in the C-terminal part of OR17-40, it is possible that a different motif might play a similar role.
Lateral Membrane Diffusion of OR17-40. The specific pulse labeling of OR17-40 with a single photostable fluorophore allowed us to follow the diffusion of individual functional ORs on the cell surface by using single-molecule microscopy. Even without ligand, the diffusion of OR17-40 was found to be very heterogeneous, with 12% of the receptors diffusing freely in the plasma membrane, 9% being immobile, 30% diffusing inside small domains, and 49% diffusing inside larger domains. The broad distribution (2 decades) of diffusion coefficients exhibits a single population centered at 0.02 m 2 ͞s, a value that is typical for many transmembrane receptors (16, 31, 32) . Diffusion coefficients of Ϸ0.1 m 2 ͞s, measured by fluorescence recovery after photobleaching, have been reported for several GPCRs (33) (34) (35) . In contrast, the majority of OR40-17 has a slower diffusion coefficient, which could be the result of transient binding of the receptor to more immobile protein complexes, such as clathrin-coated structures.
The distribution of confinement sizes is slightly more complex, with a major population of Ϸ300 nm and two secondary populations of Ϸ190 and Ϸ550 nm. Monte Carlo computer simulations under realistic experimental conditions to estimate the shot-noiselimited width of the measured distributions (⌬log(L) ϭ 0.2 decades FWHM) are described in Supporting Text and Fig. 6 , which are published as supporting information on the PNAS web site. Similar domain sizes have been found for NK2R in HEK293 cells (35) : Fluorescence recovery after photobleaching experiments revealed domains of radius ϭ 420 Ϯ 80 nm without ligand and 170 Ϯ 50 nm when agonist was bound. The larger domains could arise from confinement by a membrane-skeleton͞cytoskeleton fence structure (32, 36) or from long-range protein interactions (31) and might represent a population average of the two larger compartments found here. Because OR17-40 is constitutively internalizing, the smaller domains are likely to correspond to precursors of clathrincoated pits (35, 37) . Several GPCRs have been shown to accumulate in preformed clathrin-coated domains upon activation (38) (39) (40) , rather than nucleating new domains as was previously believed. It was also proposed that the receptors are targeted inside prepits that are still flat and which invaginate following clathrin polymerization (40). Cezanne et al. (35) estimated from the radius of clathrincoated pits of 75-100 nm that the radius of the corresponding flat domains measures between 150 and 200 nm, which corresponds well to the small domains of confinement found here for OR17-40.
The immobile receptors are probably in the process of internalization inside clathrin-coated pits (41) . Receptors located inside clathrin-coated pits are thought to be tightly packed and immobile (36) , and coated pits themselves are believed to be attached to the membrane skeleton, inasmuch as the formation of coated pits repeatedly occurs at defined sites of the plasma membrane (42) .
Upon addition of either an agonist or an antagonist, the homogeneous yet broad distribution of OR17-40 diffusion coefficients became bimodal showing a new slow population. Under the same conditions, the strongly confined and immobile populations of receptors increased while the fraction inside the larger domains, and the freely diffusing fraction, decreased. Assuming that the small domains are precursors of clathrin-coated pits, the increase in the population of these domains would correspond to the receptors' recruitment to the pits and subsequent internalization. A similar restriction of receptor diffusion was found for the neurokinin receptors NK1R (43) and NK2R (35) after addition of an agonist. Why this also occurs for OR17-40 after antagonist addition is not entirely clear. An antagonist causing internalization was also found for the cholecystokinin receptor (44) . It was postulated that the conformational change in the receptor induced or stabilized by the antagonist results in the unveiling of a domain that could promote receptor internalization. Similarly, our results suggest that the presence of a ligand (agonist or antagonist) inside the receptorbinding pocket is sufficient to promote the targeting of the receptor to precursors of clathrin-coated pits, even without receptor activation.
In conclusion, our results unravel mechanisms of internalization for OR17-40 that are very distinct from the standard model for GPCRs. First, ORs undergo continuous internalization and recycling, even in the absence of ligand. Second, the dynamics of this process are modulated by the binding of both classes of ligands: agonist and antagonist. These unique mechanisms of internalization might be instrumental in allowing for a rapid recovery of odor perception. They might also enable desensitization under the continuous presence of ligands, which usually remain bound to their receptors only for a very short time owing to their high binding constant in the micromolar range. Future comparative studies may reveal whether different ORs display different rate constants of internalization and turnover, providing an interesting potential mechanism for modulating olfactory perception.
By using ultrasensitive fluorescence microscopy, we were able to monitor the biogenesis, trafficking, membrane diffusion, and internalization of an OR down to the single-molecule level. We believe that novel labeling strategies to target specific subpopulations of proteins (45, 46) , in combination with high-resolution microscopy and spectroscopy (47) (48) (49) (50) , will become increasingly important for live-cell proteomics. Confocal Fluorescence Microscopy. Cells grown on 0.17-mm-thick glass coverslips were cotransfected with ACP-OR17-40-GFP cDNA and either pECFP-ER or pECFP-Golgi. At different times after transfection, samples were visualized by confocal microscopy (LSM510; Carl Zeiss Jena, Germany). Detection and distinction of the receptor (GFP) and the ECFP-ER or Golgi markers were achieved by appropriate filters in multitracking mode.
Materials and Methods
OR Internalization. The clathrin-dependent endocytic pathway was blocked by 10 min of incubation at 37°C with 0.45 M sucrose in PBS (17) . Cells expressing ACP-OR17-40 were labeled with the pH-sensitive dye CoA-CypHer at 37°C, then washed 3ϫ with PBS͞sucrose and imaged on an in-house-fabricated fluorescence microscope.
For subcellular confocal colocalization with transferrin receptor, 50 g͞ml Tf-Alexa488 was added during labeling with CoACypHer. For colocalization with clathrin, cells stably expressing ACP-OR17-40 were transiently transfected with Clathrin-GFP cDNA and labeled with CoA-CypHer after 24 h.
To quantify the effect of agonist or antagonist binding on receptor internalization, cells transiently expressing ACP-OR17-40-GFP were incubated either overnight with the selective antagonist AMCA (300 M), or 15 min and 1 h with the agonist helional (200 M), and then labeled with CoA-Cy5 and immediately analyzed by FACS.
FACS Analysis. Cells expressing ACP-OR17-40-GFP labeled with CoA-Cy5 were diluted in PBS (Ϸ10 6 cells per ml). FACS was done on a CyAn ADP LX 9 color analyzer (DakoCytomation, Fort Collins, CO) with 488-nm and 633-nm excitation. GFP fluorescence was detected in the green channel (530-540 nm) and the Cy5 signal in the red channel (665-720 nm). Data analysis (Summit; DakoCytomation) was selectively performed on viable cells by setting gates to exclude cellular debris.
Single-Molecule Microscopy. Cells stably expressing ACP-OR17-40 and grown on an eight-well chambered coverglass were labeled with 50 nM CoA-Cy5 and investigated on an in-house-fabricated epiluminescence wide-field microscope with 633-nm HeNe laser excitation and intensified CCD camera detection (50-ms exposure, 4-Hz frame rate) as described in refs. 16 and 51.
Diffusion of single receptors was analyzed with a custom-made single-particle tracking algorithm (16, 51) . Briefly, fluorescence spots from single molecules are localized in an image series and fitted with a two-dimensional Gaussian (52) . The positions in each frame were linked to obtain single-molecule trajectories. Mean square displacements, MSD(t lag ), were calculated for various time lags, t lag , between two images for each molecule.
Visual inspection of the trajectories showed that most ORs appeared to be confined within domains of various sizes, whereas a few receptors diffused freely in the plasma membrane; directed motion was not observed. The apparent confinement might arise from the presence of membrane domains and͞or from proteinprotein interactions or immobile obstacles in the plasma membrane. Generally, protein or lipid trajectories on cell membranes are described by models for free diffusion, anomalous (sub-) diffusion, and confined diffusion (53) . From traces limited in length by photobleaching to Ϸ20 observations, it is difficult to distinguish reliably different diffusion modes. Without preference for any particular model, phenomenologically, the evolution of MSD(t lag ) can be characterized by two parameters: an initial slope ␦MSD͞␦t lag as t lag 3 0 and a limiting MSD(t lag 3 ϱ), where free diffusion is included with MSD(t lag 3 ϱ) 3 ϱ. These two parameters are naturally incorporated in the model for confined diffusion: MSD(t lag ) ϭ L 2 ͞3 [1 Ϫ exp(Ϫ12Dt lag ͞L 2 )] as the diffusion coefficient D and the confinement size L, which we chose for the analysis of our data for this reason. A more detailed account of our considerations and the results when anomalous diffusion is assumed can be found in Supporting Text and Fig. 7 , which are published as supporting information on the PNAS web site.
For some fast (D Ͼ 0.5 m 2 ͞s) and confined molecules, the plateau of MSD(t lag ) was already reached at the first experimental data point at t lag ϭ 250 ms. In this case, only the domain size L was extracted, and D was arbitrarily set to 0.5 m 2 ͞s solely to indicate this fact. Similarly, molecules with a very large diffusion range (L Ͼ 3 m) were considered to diffuse freely within the accessible area on the cell surface, and L was arbitrarily set to 3 m for a better graphical representation. The planar projection recorded in singleparticle tracking reflects the true trajectory only in an area of Ϸ3 m diameter around the center of a cell. Outside this range, the cell boundary, and thus the membrane curvature, introduce a natural confinement not included in our model. Therefore, we corrected our data accordingly as just described.
